The sequence of transcapillary fluid movement during microocclusion of single capillaries was investigated on the theoretical basis of the Starling hypothesis. For most capillaries studied, the theory agrees reasonably well with the experiments with red cells used as the tags for fluid movement. By analyzing the sequence of the movement of the red cell in one single occlusion, it was possible to calculate the filtration coefficient and the effective pressure. The effective pressure ranged from 28 to 38 cm H 2 O. Since the arterial pressure in the capillary is about 20 to 30 cm H 2 O, the calculations suggest that about 10 cm H 2 O of the effective pressure is contributed by tissue factors, i.e., a negative hydrostatic pressure or a substantial colloidal osmotic pressure in the tissue space or both. The calculated filtration coefficient for the capillaries ranged from 0.01 to 0.07 fi ? /(sec fj r cm H 2 O).
were developed to measure the responsible forces. Convincing evidence for the validity of this hypothesis was provided by the micromanipulative experiments of Landis (2) and more recently by Zweifach and Intaglietta (3) on single capillaries. Support for the Starling concept for single organs is found in Pappenheimer and Soto-Rivera's isogravimetric studies of isolated hind limb (4) and isovolumetric studies of the lung by Levine et al. (5) .
Starling's hypothesis as applied to the fluid movement in a segment of capillary can be written as m = K(P c -TT v l -P t + Trt),
(1) where m is the rate of the net fluid movement across a unit surface area of the capillary, and K represents the filtration coefficient of the barrier. The driving forces are the hydrostatic pressure in the capillary P c and tissue Vt and the colloidal osmotic pressure (COP) of plasma, TT PI , and of tissue ir t .
Only scattered information exists for the capillary pressure in mammals because of the technical difficulty in making direct pressure measurements in the microcirculation system of such animals. Thus it may be more 358 Circulation Research, Vol. XXV111, March 1971 appropriate to designate the effective pressure (P.) by P6 = P c -P t + n,,
(2) which remains constant during occlusion of a single capillary.
To use the relation (Eq. 1) for calculating the filtration coefficient, it would be necessary to measure the fluid movement and the difference P e ~ if pi-Under the conditions of the Landis microocclusion experiment (2) in the absence of significant forces to hinder the free movement of red cells in the occluded capillary, their relative rate of displacement should reflect the actual shift of fluid into or out of the capillary. Inasmuch as the loss of fluid from blood to the tissue is only a small fraction of the total blood flow, (approximately J.% 1 ), the COP of plasma may be taken as that in sampled arterial blood. Landis measured capillary pressure directly with micropipets. The method, however, is traumatic and can only be done once on any one capillary. Intaglietta and Zweifach (6) developed a procedure involving an osmotic transient in which a slug of concentrated albumin solution (25%) was injected into the blood stream and the fluid movement before was compared with that after the elevation of TT V I in the same capillary. When the fluid movement and the COP before and after injection are measured, equation 1 will derive two numerical equations for K and P e , provided these parameters remain unchanged after injection. An alternative method is to change the protein concentration in the bathing solution so as to change COP in the tissue (7). All these procedures involved the data reduction of two independent occlusion procedures separated by a certain time interval. Recently, we T From our filtration data in capillaries of mesentery, the fluid movement m is about 0.5 /X-V(M 2 sec). Let v be the flow velocity, D the diameter of the capillary, and I its length. The total fluid movement across the capillary wall is rh • I • irD and the flow rate is v • irD2/4. Suppose o = 0.5 cm/see = 5000M/sec, l/D -25. Then the percent of fluid loss to the tissue is 0.5 X 25 X 4/5000 s 1% -This estimation is not valid for other capillary beds with a high filtration constant or slow flow.
Circulation Research. Vol. XXVIII, March 1971 suggested a new approach (8) to evaluate K and P o from the data generated by a single microocclusion experiment. In the present paper, we investigate a number of implications of Starling's hypothesis for transcapillary fluid movement and report theoretical and experimental studies of the events in the capillary after occlusion.
If, at the time of occlusion, a pressure differential (Eq. 1) is present across the barrier, transcapillary fluid movement develops. This movement is small in comparison with the normal blood flow, it can be readily diffused into the large tissue space, and we may assume that the hydrostatic pressure in the tissue and the COP in the tissue remain unchanged. After occlusion, the hydrostatic pressure on the arterial side of the capillary will assume the arteriole pressure and that on the venous side the venule pressure. These pressures may not be affected by the closing of one capillary. As a whole, the effective pressure on either side of the needle is constant during the occlusion. On the other hand, the fluid movement will change the COP in the capillary until finally a stage is reached when the effective pressure is balanced by the final COP in plasma, and fluid movement no longer takes place. For example, when filtration is occurring as a result of a larger P e , the COP in plasma will gradually increase until it is balanced by the effective pressure. With the data on the initial COP, the total fluid movement, and the conservation of protein, one should be able to calculate the final COP and hence the effective pressure. Once P o is known, analysis of the rate of fluid movement enables calculation of the averaged filtration coefficient, K. The theoretical development of the implications of Starling's hypothesis for a constant K along the capillary, their experimental confirmation, and the justification of the assumptions are here presented.
Theory
In this section, we shall formulate the governing equation, present its solution, and discuss its dimensionless parameters.
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LEE, SMAJE, ZWEIFACH FIGURE 1
Configuration of an occluded capillary. The relative distance between cell 1 and cell 2 is measured as a function of time.
Let x be the distance between two arbitrary tagged red cells as shown in Figure 1. In this system, the total volume contained between these two cells in a capillary of diameter D is XTTD 2 /4. If the capillary is a rigid tube, we have the fluid movement, rh, as
Let us now evaluate the COP of plasma as a function of the distance, x. The protein content of the plasma enclosed between the two red cells and the semipermeable endothelial membrane is the product of that volume of plasma and the protein concentration, c, (g/100 ml of plasma), and, at any instant, it is a constant independent of the distance x. Our calculations show that the COP will change in such experiments by 10 cm H 2 O at most, and
changes of this magnitude induce only an insignificant amount of fluid movement across the red cell membrane. Thus the volume of between the two tagged cells, ZV, times the volume, V r , we have
and the subscript 0 is used to designate a quantity at the time of occlusion. For the range 0 < c < 2 5 g/100 ml of plasma, the relation between the COP and the concentration can be described by the following empirical equation (9): 7rj,((mm Hg) = 2.1c + 0.16c 2 + 0.009c 3 .
(5) Because of the third order term c 3 in the equation above, the solution is more complicated and the handling of data is difficult and time consuming. We shall, therefore, approximate the equation by the following second order formula to derive a simpler solution
which, in the range 5 . 5 < c < 8 g/100 ml encountered in occlusion experiments, differs with equation 5 by 0.3 mm Hg at most. The initial concentration c 0 can be calculated from the relation (^, ) 0 (mm Hg)=2c o +0.24c 2 .
On the basis of the above arguments and equations, the COP in plasma is given by
Substituting the equation above into equation 1, we obtain the differential equation for the normalized cell distance X = X/XQ l X d T l + 0.12c 0 Xplasma V pt is simply the difference between the total volume of blood and the volume occupied by the red cells, whose volume V r remains unchanged. As the latter volume is equal to the number of red cells trapped
where the dimensionless time is T = 4K (Pe)ot/D. The governing equation for X can be readily solved for a prescribed effective pressure which, as discussed earlier, is not a function of X.
Circulation Research, Vol. XXVIII, March 1971 Before examining the fluid movement for a periodical effective j)ressure P 8 induced by the pulsation of blood pressure, let us first consider the simpler case of a constant P o . By definition of the subscript 0, the constant is (P e )o-With this approximation, equation 9 can be written as
The dimensionless numbers which are likely to vary in the solution of equation 10 are H o and (ir t i)0/Pe, so that it would be useful to examine their influence on the movement of the cells following microocclusion. In Figure 3 the variations of X for H = 0.3, (7r vi )JP e = 0.6, 0.8, 1.0, 1.2 and 1.4 are plotted against the 
As pressure pulsation is shown later to have a negligible effect on the fluid movement in a rigid permeable tube, we shall let (P e ) 0 become P e> the time-averaged value of the effective pressure. It is interesting to note that a semilog plot of the function on the left hand side of equation 10, instead X -X T ^> », yields a linear relationship with respect to T. As T^"*, we have X"* XOT. Since X O T is a root of equation 11, its measurement leads to an equation for the calculation of the effective pressure 
presented in the lower part of the figure.
It can be seen that the slope of the curves at zero time is independent of the initial hematocrit. This point can be easily proved by 
FINAL DISTANCE/INITIAL DISTANCE, X
Relations between the effective pressure and the ratio of the final distance and the initial distance between two cells. At a higher H o , the fraction of plasma is smaller and the effective pressure is larger for tissue absorption (X O T <1) and smaller for tissue transudation (X K > 1).
referring to equation 9. When one sets X = 1, the resulting equation for the initial rate of the fluid movement is independent of H o . When the hematocrit is higher, a smaller change in the shift of fluid is sufficient to establish equilibrium across the barrier. This feature is shown in Figure 4 , which compares curves with different hematocrits.
We can now proceed from the study of a steady effective pressure to that of a sinusoidal pressure wave:
where 8 is the relative amplitude and w the dimensionless frequency. By substituting equation 14 into equation 9, expanding it in terms of small 8 and retaining the zeroth and first order terms of 8, it can be estimated that
where AX is the oscillating amplitude of the cell movement. It is seen that, at a lower frequency, the cells will tend to oscillate at a larger amplitude. For a capillary with The cell movements at two initial hematocrits, H o = 0.1 and 0.3. The upper part of the figure corresponds to fluid absorption from the tissue and the lower one to fluid filtration. T is a dimensionless time. A real time for given P e , K, and D is also shown in the figure. Note that at T = 0, the rate of fluid movement is independent of the initial hematocrit. As a lower H o corresponds to a larger portion of plasma, the correspondent value of X m deviates further from unity. 
which can be neglected since the total cell movement is about 10 to 20%. The analysis presented above is valid only when the effective pressure is independent of the position along the capillary, as in occluded vessels where fluid motion is extremely slow. For a normally flowing capillary, this assumption is violated as the hydrostatic pressure in the capillary, part of the effective pressure, is a function of the position.
Experimental Findings
The method used for the recording of red cell movement has been described in detail elsewhere (3). The essentials are as follows. The omentum of anesthetized rabbits was viewed by a Lietz intravital microscope equipped with a long working distance condenser system. Selected capillaries were occluded with a glass microneedle controlled by a micromanipulator. As the cell movement was most rapid for the first few seconds, the events from just prior to and for 3 to 5 seconds after the microocclusion were recorded on 16mm film using an Arriflex camera at 30 frames/sec. The film image was then enlarged in a Vanguard motion picture analyzer and Cell movement at the arterial side of a capillary in the mesentery membrane. Note the difference between Pe and ( i rpl) is about 10 cm HtO. The broken line is calculated from the theory based on the parameters given in the figure. A reasonable agreement between the theory and the experiment is obtained. The data indicate some oscillation in the cell movement at approximately that of the pidse (240 cycle/min). This may be due to the distensibility of the capillary.
i Reiamb, Vol. XXVIU, March 1971 measurements were made of the cell movement as a function of the time. The COP of plasma was measured by a membrane type of osmometer chamber equipped with a Statham pressure gauge of small volumetric displacement.
The recorded relative distance between two red blood cells in a capillary is presented in Figure 5 . The data for the first 2 seconds were collected frame by frame and subsequently for every other frame. It is clear that the cell movement decreases as time increases. To satisfy ourselves that it indeed stops, we extended the period of microocclusion to 10 seconds. Despite the observation that the movement began to show a decreasing trend at approximately 3 or 4 seconds, the distance between two red blood cells, then began to decrease at a faster rate. This is probably due to a developing leakage in the capillary wall because of the increasing hyperosmolarity of the plasma after filtration had occurred. This phenomenon was shown in five long-time occlusions. As a routine procedure in subsequent experiments, we shortened the occlusion time to about 3 seconds. The value of the final distance, X x , still can be extrapolated from the data.
When the experimental data were used to calculate the function specified on the right hand side of equation 10 and were plotted on a semilog basis against time, we obtained approximately a linear relationship, as shown in Figure 6 . The large deviation near the leveloff stage is an artifact of the amplified logarithmic scale there. When X -X«, is plotted on semilog paper, a poorer fit is found with a straight line.
Three kinds of cell movements were observed. One type is represented in Figure 5 . In a few instances, an apparently random cell movement was found. Obviously, a behavior of this second kind cannot be explained by a passive mechanism such as Starling's hypothesis and probably was due to incomplete occlusion of the vessel. In the third type, cell distance decreased continuously, as shown in Figure 7 . Under such conditions, when the data are analyzed with equation 8, the COP at the end of recording attains values as high as 50 to 60 cm H 2 O. This implies that the effective pressure is of the order 50 to 60 cm Hg, which is obviously not physiological, and it would appear that either vessel leakage developed before, or is developing during, such occlusion experiments. Semilog plot for the data presented in Figure 5 ; the theory predicts that the relation is a straight line. from the initial and final movement of the cells. We then calculated the theoretical value of cell movement X T . The deviation of the experimental data Xa from the theoretical ones may be specified by the following standard error, a:
Cell movements in a leaking captllary. Note that the oscillation in the movement has a frequency approximately that of the pressure pulsations. This set of data appears to be a straight line. If there was no leakage, the colloidal osmotic pressure could he as high as 60 cm H e O. This large number is obviously not physiological.
For the data presented here and in a large number of subsequent experiments not included in our analysis, about 7/10 of the capillary population displayed an asymptotically decreasing pattern of cell movement, 2/10 exhibited signs of leaking following mechanical obstruction and about 1/10 showed a random cell movement.
When fluid movement, rh, at two instances is measured, and the corresponding COP values are obtained from equation 8, then equation 1 will yield the two equations needed to calculate P e and K. However, because of the oscillation and the scattering of the data in a single occlusion run (Fig. 5) , the fluid movement cannot be measured with sufficient accuracy. A numerical technique was therefore developed so as to employ all the data to find the best fit.
When we used the method of least squares to find the best fit of the experimental data by a power series, the values of P e and K calculated did not seem to be reasonable and the match was poor. Therefore, the following numerical procedure was developed. The approximate values of the filtration coefficient and the effective pressure were first calculated Circulation Research, Vol. XXVIII, March 1971 N X (XT-XBYN IN, (18) n = l where n represents the number of the frame and N is the total number of frames used for data reduction. Then we made another numerical estimate for X O T and for K and recalculated the theoretical cell movement and the standard error. The final estimate was the one which corresponded to the smallest standard error. The smooth, solid line shown in Figure 5 is a curve so calculated. A reasonable fit with the experimental data is obtained.
When the data handling method outlined above was used, the results were presented in Table 1 for capillaries which behaved in the fashion shown in Figure 5 . It was found that the data collected from every fifth frame was sufficient for the numerical calculation. The table shows less of a scatter for the effective pressure than for the filtration coefficient. The effective pressure is consistently higher than the initial COP as indicated by the observed outward movement into the tissue. It can also be seen that the capillaries on the venous side are more susceptible to leakage when mechanically stimulated.
For purposes of comparison, the filtration coefficient and effective pressure were also measured by the osmotic transient test procedure. Three sets of data are shown in Table 2 . It is seen that there is only a small discrepancy between these calculated values and those presented in Table 1 .
In one capillary, we made repeated measurements of fluid movement over a period of M hour without evidence of a leak in the vessel. The effective pressure and the filtration constant for individual runs are plotted against time in Figure 8 . Note that the data vary in a minor way with the time. In all of
